Acute kidney injury (AKI) is a major complication of critical illness [1] occurring in 30 to 40 % of all critically ill patients and in its sev ere form requires renal replacement therapy (RRT), in approximately 5 % of patients [2] . AKI has been s hown to be an independent predictor for mortality [3] and is associated with invasive therapy and substantial costs [4] .
I ntroduction
Acute kidney injury (AKI) is a major complication of critical illness [1] occurring in 30 to 40 % of all critically ill patients and in its sev ere form requires renal replacement therapy (RRT), in approximately 5 % of patients [2] . AKI has been s hown to be an independent predictor for mortality [3] and is associated with invasive therapy and substantial costs [4] .
Despite its impor tance, the pathoph ysiology of AKI is still poorly understood. AKI is most commonly associated with systemic diseases, such as septic shock, major surgery and cardiogenic shock [1] , but a specifi c mechanism causing AKI to develop in specifi c patients can rarely be determined. Since the early description of an "acute uremia syndrome" in crush injury victims during World War II [5, 6] and its association with histopathological fi ndings similar to those found in experimental renal artery ligation, ischemia or some form of alteration in renal blood fl ow has been thought to play a pivotal role in the pathogenesis of AKI. Th is paradigm that essentially all AKI in critically ill patients is the result of some form or degree of ischemia remains of continuing conceptual dominanc e to this day [7] . Despite such dominance, there are only very limited data supporting this concept. In a recent systematic review, Prowle et al. [8] highlighted the extraordinary fact that renal blood fl ow measurement, irrespective of the technique used, has only been reported in 46 critically ill patients (fi ve studies) within the last sixty years. Th us, our knowledge, understanding, and theoretical constructs regarding global renal perfu sion in critically ill patients with RRT-treated AKI (an estimated 5 % of all ICU admissions for a total of approximately a quarter of a million such patients each year in developed countries alone) is, like an inverted pyramid, based on extremely weak evidence.
Furthermore, given the complex and heterogeneous nature of the renal vasculature, evaluating the fl ow in the main renal arteries (macrocirculation) might not provide suffi cient information to adequately understand perfusion alterations in complex diseases, such as septic or cardio genic shock. Indeed, some pathophysiological processes may be associated with increased global renal blood fl ow [9, 10] despite loss of f un ction. In such instances, there is experimental evidence that, at least in sepsis, this phenomenon may be caused by intra-renal shunting [11] . Hence, correlation between macroscopic renal blood fl ow and function is far from linear. Th erefore, techniques allowing the study of microcircu latory parameters, such as cortico-med ullary perfusion ratio and regional tissue oxygenation measurement, and assessment of their relative change over time may be more valuable in increasing our understanding of the pathophysiology of AKI.
In this state-of-the art review, we discuss the value, challenges, limitations, safety and feasibility of diff erent techniques for the measurement of kidney perfusion in critically ill patients. Th e advantages of each technique will be weighed against its disadvantages in the context of the critically ill patient with AKI. Particular emphasis will be placed upon techniques enabling some evaluation of the microcirculation, because emerging experimental evidence suggests that these are the techniques that are the most likely to improve our understanding of the disease and help clinicians develop and apply physiolo gically logical interventions.
proportional to blood supply. Several tracers can be used to evaluate changes after pharmacological in tervention. Th e tissue needs to be harvested and sectioned to allow measurement of radioactivity, which is proportional to the quantity of microspheres deposited and, hence, to the organ perfusion [15] . Results are typically reported in 'fl ow per gram of whole tissue' . Th is method is obviously limited to animal research as it involves tissue collection. It is, however, very often used as a comparator in studi es validating organ fl ow measurement.
Paraamino-hippurate clearance
Th e classic physiological method to estimate renal plasma fl ow is by calculation of paraamino-hippurate (PAH) clearance. PAH is an amide derivative of the amino acid glycine and para-aminobenzoic acid. PAH is almost fully removed from the plasma during its fi rst pass though the kidney. Its renal clearance can, therefore, be used as an estimate of the renal plasma fl ow (ERPF). Typically, this technique involves a bolus followed by a continuous infusion of PAH. PAH concentration is then measured in blood and urine samples. ERPF is then calculated using the classic clearance formula (RPF ~ Cl PAH = U PAH × V/P PAH ).
Unfortunately, PAH is not used in clinical practice as the chemical analysis procedure is very cumbersome, not widely available and cannot provide information in 'realtime' . Additionally, as they rely on urine concentration measurement, PAH clearance methods cannot be applied in oligo-anuric patients and its non-invasive use in AKI is, therefore, limited. On the other hand, PAH clearance can be used to measure ERPF for research purposes even in oligo-anuric patients. Such measurement, however, becomes invasive and requires renal vein canulation and sampling.
Renal vein t hermodilution methods
Renal thermodilution methods were fi rst described in the 1970s [16, 17] , but have gained increased attention in critically ill patients more rece ntly [18, 19] . Th ese methods involve the insertion of an indwelling catheter into one of the renal veins. Renal blood fl ow calculation is based on measured changes in te mper ature of the renal vein blood after injection of a bolus of isotonic saline at room temperature [19] . Using such methods, Ricksten et al. have conducted several elegant studies of global renal perfusion in cardiac surgery patients [20] [21] [22] . For example, they demonstrated that restoring mean arterial pressure (MAP) from 60 to 75 mm Hg improved the renal oxygen supply/demand relationship after cardiac surgery in patients with vasodilatory shock and AKI [21] . Th is technique, however, remains highly invasive and, because of the risk of renal vein thrombosis, can only be applied for a limited period of time.
Xenon washout
X enon washout techniques were used for research purposes in the seventies [23] . Th is invasive technique relies on intra-arterial injection of a radioactively marked tra cer (X e 133 ) and external counting with a scintillation probe. Mean renal blood fl ow is calculated from the initial slope of the disappearance curve. Th is method was very useful to establish renal vasculature reactivity to diff erent pharmacologic agents [24, 25] . However, it has currently been replaced by less invasive, more precise imaging techniques.
Intravascular Doppler
Blood fl ow velocity can be evaluated invasively using an intra-arterial Doppler wire. Th is technique enables calcu lation of renal blood fl ow p rovided that the diameter of the vessel can be estimated [26] . Accurate me asurements can be made in small straight tubes (< 4.76 mm) and if the fl ow rate is < 200 ml/min [27] . Th e utility of this technique in humans, in whom renal blood fl ow is typically in the range of 300 ml/min, is therefore limited. Similarly, this technique cannot account for the presence of collateral vessels and can, therefore, grossly underestimate fl ow.
Given these technical limitations and its invasiveness, intravascular Doppler is not currently applicable to critically ill patients even in the setting of a research protocol. It can be used as a comparator in animal studies in order to validate newer methods.
Nuclear medicine tec hniques

Scintigraphy
Scintig raphy relies on the injection of radiolabeled isotopes and the capture of the emitted radiation by external gamma cameras generating 2D images. Using isotopes such as iodine-131 ( 131 I) coupled to orthoiodo hippurate (OIH), scintigraphy is able to accurately quantify renal blood fl ow. Th is technique can be coupled with simultaneous measures of glomerular fi ltration rate (GFR) with the ability to determine relative function for each kidney.
Several isotopes have been used and although 131 I labeled OIH still represents the gold standard for renal blood fl ow quantifi cation, it is not used clinically because it is associated with high radiation exposure, particularly in patients with renal failure. Th erefore, 99mTc-mercapto-acetylglycyl-glycyl-glycine ( 99m Tc-MAG3) is currently the marker of choice for this purpose [28, 29] . Th is molecule is mainly excreted via tubular secretion at the distal part of the proximal tubule with a very high fi rst-pass elimination [30] . Semi-quantitative measurement of renal blood fl ow can be obtained using the fi rstpass time-activity curve gen erated from a region of interest over the kidney [31] . Other techniques expressing renal blood fl ow as a fracti on of cardiac output have been proposed [32] . Because of its h igh and unpredictable (75- [34] with lower hepatobiliary elimination and higher kidney to background ratio have been proposed.
Overall, 99mTc-diethylenetriaminepentaacetic acid (DTPA) is most commonly used for GFR measurement. It delivers slightly lower values as compared with standard inulin clearance but is easier to prepare a nd more readily available. However, the results generated by the so-called Gates methods [35] have not been shown to be superior to creatinine-based formulas [36] .
Renal scintigraphy fi nds most of its clinical application in renal transplantation medicine. In this context, it can help diff erentiate acute tubular necrosis from transplant rejection [31] . In AKI, renal scintigraphy is usually of little value for the identifi cation of the mechanism of renal dysfunction, although some patterns can be identifi ed (ureteric obstruction, ischemia) [37] . Renal s cintigraphy can be used to determine the symmetry of the disease and provide information on organ size and overall perfusion. Unfortunately, it does not provide information on intra-renal fl ow distribution.
Positron-emission tomo graphy
Positron-emission tomography (PET) scans rely on the injection of a positron-emitting isotope tracer, such as 18-fl uorine in the most commonly used PET trac er, 18-F fl uorodeoxyglucose (FDG). Many other isotopes also emit positrons, including rubidium-82, 11-carbon and 15-O labeled H 2 O. Th e emitted positron interacts with an electron, emitting a pair of high-energy photons in the annihilation process. Th ese photons are detected by scintillators in the scanner generating 3D images. PET can be coupled with computed tomography (CT) and can then provide signifi cantly better spatial resolution than scintigraphy alone.
Two fundamental approaches have been proposed to measure renal perfusion with PET: Dynamic imaging following bolus injection and static imaging at steady state using an ultra-short-lived tracer. Th e fi rst technique makes use of a highly extracted blood fl ow tracer such as rubidium-82 [38] . Th is method has be en used in animal models of renal artery obstruction, occlusion and reperfusion [39] . Th e second techniq ue makes use of ultrashort-lived tracers, such as oxygen-15-label led water (half-life of 2 min) [40] . Th is compound was s tudied by Juillard et al. [41] , who showed an excell ent correlation with microsphere techniques in an animal model and by Alpert et al. [42] , who used O-15 water t o measure renal blood fl ow in healthy volunteers. Other potential applications include measurements of renal blood fl ow in renovascular disease, in rejection or in acute tubular necrosis of transplanted organs, in drug-induced nephropathies, ure teral obstruction before and after revascularization and before and after placement of ureteral stents [40] .
Despite its theoretic al large potential, there has been very little use of PET in functional imaging. More importantly, its use in critically ill patients is likely to be very limited even for research purposes. Indeed, PET protocols are long and require extensive mobilization, which, in unstable patients is often labor intensive and can be associated with safety hazards. Th is adds to the general limitations associated with the diffi culty of producing and handling non-standard tracers, their cost and the requirement for many of them for a nearby cyclotron (because of their extremely short half life). Finally, PET involves radioactivity exposure (although minimal), which might make acceptance by ethics committees, next of kin or ICU staff more diffi cult in the context of a clinical study.
Magnetic resonance imagin g
Magnetic resonance imaging has gained immense popularity over the last few de cades as it allows generation of very high-resolution images, including 3D reconstructions, without ionizing radiation. Imaging is based on the imaging of protons, using measurement of a radio frequen cy signal emitted by protons regaining their thermodynamic equilibrium after their spins have been aligned in a large magnetic fi eld. Protons in diff erent tissues return to their equilibrium state at diff erent relaxation rates.
Among the numerous MRI techniques available, some enable renal blood fl ow quantifi cation and, importantly, some enable a degree of parametric mapping of intraorgan blood fl ow distribution or tissue oxygenation. Th ese properties make MRI very appealing to study renal perfusion alterations in critical illness. Unfortunately, these approaches are likely to be limited to research proto cols as they involve a lengthy and potentially hazardous transfer, considerable costs and are limited by the availability of MRI machines.
Contrast-enhanced MRI mod alities
MRI based perfusion studies have classically been based on contrast-enhancement by gadolinium-based solutions. Gadolinium agents produce contrast on MRI scans because gadolinium is a paramagnetic substance, which therefore has a marked local eff ect on the speed at which adjacent protons return to their thermodynamic equilibrium. Fast acquisition techniques allow suffi cient temporal resolution to monitor intra-renal signal changes during fi rst pass of the agent. Approaches have been described [43] enabling quantifi cation of absolute cortical and medullary perfusion. Th is would make gadoliniumbased MRI technology of great interest for the assessment of renal perfusion.
Unfortunately, the discovery of nephrogenic systemic fi brosis and its probable association with gadolinium accumulation in renal failure (acute or chronic) [44] greatly limits its interest in AKI and critically ill patients. Th e warnings for gadolinium contras t agents have recently been updated and three agents are currently contraindicated i n patients with AKI or with chronic renal impairment and a GFR < 30 ml/min. Th e other agents do not have this contraindication although extensive precautions are still advised [45] .
Newer contrast agents based on ultra-small particles of iron oxide (USPIO) molecules have been presented and seem to be safe and pot entially useful for renal blood fl ow measurement [46] . However, their safety profi le is not yet fully established and their clinical role is still to be established, in particular s ince other MRI techniques, which do not need intravenous contrast agents, are now available.
Cine phase-contrast MRI
Cine phase-contrast MRI is a magnetic resonance angiographic technique that allows measurement of renal fl ow in both renal arteries without a contrast agent. Central to the technique is the fact that protons that are moving along the direction of a magnetic fi eld gradient receive a phase shift proportional to their velocity: Static protons are unaff ected and receive no phase shift, but moving protons will have their phase changed. Th e amplitude of this change is dependent on the velocity of the proton. Phase-contrast MRI has been very well validated to measure aortic fl ow rate but less so for renal arteries because of their small size and issues related to respiratory movements [47] [48] [49] (Figure 1) .
Renal blood fl ow measurements by cine phase-contrast MRI are well correlated with simultaneous PAH clearance measurement [50] and the results are reproducible [51] . King et al. [52] used this met hod as a tool to predic t clinical re sponse afte r percutaneous angioplasty in re nal artery stenosis. Th is technique has recently been used in critically ill patients to determine renal blood fl ow in sepsis [53] . To the best of our knowledge, this study was the fi rst to measure global renal blood fl ow noninvasively in critically ill patients with sepsis associated AKI. Values for renal blood fl ow varied markedly from 392 to 1,337 ml/min (normal values range according to size and cardiac output from 800 to 1,200 ml/min). Th is study provided a clear demonstration that, in septic critically ill patients with AKI, renal blood fl ow can range from low to supranormal and confi rmed what animal studies had long suggested: Septic AKI is not a uniform disease and is not reliably associated with decreased renal blood fl ow (so-called ischemia). Even more importantly, and in keeping with experimental observations, these values correlated well with the patient's cardiac index and renal vascular resistance but not with the patient's GFR. Th is clear dissociation between global perfusion and global function is important because it implies changes in microvascular perfusion (shunting or changes in intraglomerular pressure dynamics or both).
Arterial spin labeling
Arterial s pin labeling (ASL) is an MRI modality typically used for cerebral perfusion studies [54] . In an analogy with cine phase-contrast tec hniques, ASL uses blood as an endogenous contrast agent. Blood fl owing towards a tissue is selectively labeled to have an opposite magnetization compared to this tissue. A perfusion-weighted image can be produced by subtracting an image in which infl owing spins have been labeled from an image in which spin labeling has not been used (Fig. 2) . [55] . ASL allows imaging of the renal arteries despite their complex orientation [56] . A fairly good correlation of ASL with P AH clearance has been reported [57] and some applications after ren al transpl antation or in renal artery stenosis [55, 58] have been proposed. One of the main interests of ASL is its ability to draw parametric maps of relative perfusion (Figure 2 ) enabling clinicians to study geographical intra-organ diff erences in pe rfus ion as opposed to overall organ blood fl ow. All pixels in a specifi c tissue can be averaged to provide mean perfusion. Such maps could enable the study of diff erential perfusion between cortex and medulla in critical illness and to identify ischemic and hyperemic areas within the kidney.
Blood oxygen level-dependent (BOLD) MRI
BOLD MRI takes advantage of the diff erent magnetic properties between oxygenated and deoxygenated hemoglobin. Oxyhemoglobin (the principal form found in arterial blood) has no major magnetic properties, but deoxyhemoglobin is strongly paramagnetic, generating local magnetic fi eld inhomogeneities corresponding to an increase in relaxivity defi ned as R2*. Th e amount of deoxyhemoglobin functions as a biological contrast agent and can be related to the strength of R2* weighted pulse sequences. BOLD MRI generates images, the signal intensity of which is a refl ection of tissue metabolism representing the balance between oxygen consumption and delivery. Relatively low spatial resolution is a problem inherent to the technique.
BOLD enables the generation of parametric maps (Figure 3 ) of oxygenation in the kidney as illustrated by Textor et al. [59] in kidneys with renal artery stenosis. Th is technique has been used to demon strate an increase in tissue oxygenation after administration of diuretics, particularly in the medullary areas and confi rmed by implanted oxygen probes [60] . Similarly, Pruijm et al. [61] , showed an increase in medullary oxygenation in healthy volunteers after a de crease in their salt intake. Although not a direct measure of renal blood fl ow, BOLD MRI might deliver valuable information as it delivers data integrating oxygen delivery and consumption.
Although the various MRI-based techniques discussed above off er promise in our ability to investigate changes in renal perfusion in critically ill patients, it is diffi cult to imagine how they could be widely applied at this stage. Th e MRI environment is hostile to the critically ill and carries some signifi cant safety concerns during transport and during a prolonged period in the magnet. In addition, obtaining high quality MRI scans in the critically ill is also often very challenging. Th e high cost adds a further degree of diffi culty, which makes repeated assessment logistically very diffi cult.
Ultrasonography
Ultrasonography is the most commonly used imaging modality in th e initial evaluation of patients with acute or chronic kidney diseases. It is widely available, easy to use, free of complication and can be performed at the bedside.
Standard ultrasound provides information on kidney size (a small kidney suggests possible atrophy in the context of chronic kidney disease, a large kidney might suggest the presence of infi ltrative disease), cortical thickness and echogenicity and enables imaging of the excretory tract to diagnose outfl ow obstruction. In AKI, however, standard ultrasound examination is normal most of the time. Assessment of renal perfusion by ultrasound can be approached by Doppler techniques or with microbubble-based contrast agents (contrast-enhanced ultrasound).
Doppler ultrasound
Conventional ultrasound can be enhanced by using the Doppler eff ect. Th e Doppler eff ect occurs because the frequency of a refl ected sound wave changes according to whether it is moving towards the ultrasound probe or away from it. Th e speed and direction of fl ow in a specifi c scanned volume can be calculated. Doppler ultrasound enables the generation of time-velocity curves from which peak systolic and end-diastolic velocities can be obtained. Based on these values diff erent indices can be calculated and associated with a measurement of the renal artery diameter, renal blood fl ow can be estimated. Th e most commonly reported index is called the resistive index (RI). RI is calculated according to the formula: RI = (peak systolic velocity -lowest diastolic velocity)/ peak systolic velocity Th ese measurements, however, have several limitations: Measurements are sensitive to numerous parameters, such as vessel stiff ness, heart rate (increased rate over-estimates end diastolic velocity), heart rhythm (diffi cult to obtain reliable values duri ng atrial fi brillation), external compression by transducer (in particular in a transplanted kidney) or Valsalva maneuvers that can decrease fl ow velocity [62] . Th ese indices were poorly correlated with invasive measure ment of renal blood fl ow in a sheep model [63] . However, Lerolle et al. demonstrated that Doppler indices on admission could predict AKI in critically ill patients [64] . Unfortunately, because of the way it is calculated, an increased RI may indicate the presence of increased renal vascular resistance with decreased fl ow or the presence of normal renal resistance with increased fl ow or even the presence of decreased resistance with markedly increased fl ow. Ureteric obstruction also signifi cantly aff ects measure ment of RI. Th e RI alone is, therefore, eas ily confounding. Ultrasound-Doppler studies are routinely performed during the follow-up of renal transplant patients where the absence of a decrease of RI could be a sign of early rejection [65] .
Altogether, ultrasound-Doppler has many advantages, is non-invasive, can be performed at the bedside, and can be repeated to evaluate changes after an intervention. However, ultrasound-Doppler is inherently patient-and operator-depen dent. Its overal l reliability and the relationship between derived indices and renal perfusion require further investigation.
Contrast-enhanced ultrasound
Gases are ideal contrast agents for ultrasonography as they are highly compressible and their density is 1,000-fold less than blood. Embedded within a shell they can be made to form microbubbles [66] , which are extremely potent ultrasound refl ectors. Microbubbles change shape when they interact with ultrasound waves resulting in the generation of non-linear signals. Microbubbles can be obta ined rapidly by agitating saline. Such microbubbles are used to diagnose right-to-left shunt during cardiac echocardiography. However, these bubbles are very heterogeneous in size and shape, their half-life is very short and they can be asso ciated with cerebral ischemic events [67] .
In the last decade, commercial preparations of contrast agents for ultrasound have become available. Th ese agents demonstrate increased stability and have uniform sizes. Microbubbles found in commercial preparations of ultrasound contrast agents (UCA) have very uniform sizes about that of a red blood cell. Th is property enables the bubbles to circulate through the pulmonary capillaries, hence to be visualized in arterial beds. Although some initial concerns were raised, UCA can now be considered safe after post-marketing experience from over 1 million patients has been reported [68, 69] .
Blood fl ow quantifi cation using contrast-enhanced ultrasound was fi rst described by Wei et al. [70] in a canine model. Th e same technique was used by Kishimoto et al. to measure renal blood fl ow, demonstrating a good correlation with changes in renal blood fl ow as estimated by PAH clearance [71] . Schwenger [72] and Benozzi [73] et al. demonstrated that contrast-enhanced ultrasound was able to distinguish acute rejection from acute tubular necrosis. Another study, in healthy volunteers demonstrated that contrast-enhanced ultrasound was able to detect a 20 % decrease in renal blood fl ow as induced by an angiotensin II infusion [74] . Above all, contrast-enhanced ultrasound can provide real time visualization of the renal microcirculation. Because it is very well tolerated and can be ap plied at the bedside, it could in theory be used to determine changes in micro circulation after therapeutic interventions. Th is would enable us to better understand the intra-renal micro circulatory changes following our common interventions and potentially drive our practice in patients at risk of AKI. As an example, as illustrated in Figure 4 , contrast-enhanced ultrasound was able to confi rm a strong microcirculatory response to terlipressin in a patient with hepatorenal syndrome.
Although in its early stages of validation, contrastenhanced ultrasound seems to be a promising technique to evaluate renal perfusion in critical illness. Indeed, it can be performed at the bedside, is minimally invasive and safe. Contrast-enhanced ultrasound provides information on the microcirculation and, potentially, could improve our understanding of fl ow alterations in critical illness associated AKI. 
Conclusion
Assessment of renal blood fl ow is important but diffi cult in AKI. Most techn iques are not applicable at the bedside and require extensive patient manipulation, which, in the critically ill patient greatly reduces the practical applicability of any given technique. Furthermore, most techniques only enable global organ fl ow estimation, whereas information on the microcirculation is perhaps more likely to be useful in understanding the pathogenesis of AKI. Contrast-en hanced ultrasound is the fi rst technique to overcome most of these limitations. Contrast-enhanced ultrasound may soon play a signifi cant role in our ability to investigate microcirculatory changes in AKI.
